Plasma flow control, as a novel active flow control technique, has become a newly-rising focus of international aerodynamics and aerothermodynamics fields. Surface DBD plasma aerodynamic actuation is widely studied in subsonic flow separation control. Numerical simulation investigation of flow stall separation suppression of NACA 0015 airfoil by plasma aerodynamic actuation was performed. The plasma aerodynamic actuation was simplified as momentum and thermal source terms. The numerical model of airfoil flow separation control by plasma aerodynamic actuation was constructed. The simulation results showed that when the inflow velocity was 100m/s and angle of attack was 20 degree, the flow separates at the leading edge of the suction side of the airfoil. There is a 50.3% lift augmentation and 42.0% drag reduction after the plasma aerodynamic actuation was on. The best position of plasma aerodynamic actuation is just near the separation point. The simulation results were basically consistent with the test results, which demonstrated that the simulation model was correct. The results are useful to reveal the mechanism of the correlation of plasma aerodynamic actuation and boundary layer.
Introduction
Wing is an important part for aircrafts. More than 70% lift force of aircraft is produced by wings. The lift-to-drag ratio and stall characteristic of the wing is of vital importance to the takeoff distance and climbing speed and the flight quality of the aircrafts. Airfoil is the basis of wing, and is one of the key technologies of aircraft design which determines the aerodynamic performance of the aircrafts. In order to enhance the maneuverability and flexibility of the aircrafts, large angle of attack is used frequently. For example, the angle of attack for F22 and X31 reaches 60° and 70° respectively. Large angle of attack will result in flow separation and lift reduction and drag augmentation. Suitable aerodynamic design can improve the aerodynamic performance of aircraft. But aerodynamic design cannot satisfy the multi requirements for the aircrafts under different conditions. New technology should be employed into the development of aircrafts of the next generation. Active flow control technologies are considered to be one of the most promising technologies in the 21 st century.
Plasma flow control, as a novel active flow control technique, has become a newly-rising focus of aerodynamics and aerothermodynamics fields for its potential application prospects in drag reduction and lift augmentation of aircrafts and stability extension and efficiency improving of aero engines.
Dielectric Barrier Discharge has been widely used to generate plasma aerodynamic actuation [1] , which were used for flow control. Figure 1 depicts the electrode geometry of plasma aerodynamic actuator. The actuator consists of two asymmetrically-overlapped metal electrodes, separated by a dielectric layer. The upper electrode is exposed to the surrounding air and the lower (covered) electrode is fully insulated. When a sufficiently high-amplitude AC voltage is supplied to the electrodes, the air over the covered electrode ionizes. The ionized air is referred to as the plasma. The basis of this actuator is that the plasma, in the presence of the electric field gradient produced by the electrode geometry, results in a body force vector that acts on the ambient air. The body force induces the flow, and the flow velocity generated by such an actuator may reach values up to 5 m/s. The maximal induced velocity reached 8 m/s [2] . AC voltage The use of the flow acceleration for flow control has been demonstrated in many applications. Examples include boundary layer control [3] , lift augmentation on wings [4] , separation control for low-pressure turbine blades [5] , leading-edge separation control on wing sections [6] , phased plasma arrays for unsteady flow control [7] , and control of the dynamic stall vortex on oscillating airfoils [8] .
In summarize, most of the previous studies focused on experimental investigation, and less works probed into the mechanism investigation of plasma flow control. In this paper, numerical simulation investigation of flow stall separation suppression of NACA 0015 airfoil by plasma aerodynamic actuation was performed. The control effects influenced by various actuation parameters were investigated. The paper aims to probe into the way to strengthen the flow control ability of plasma aerodynamic actuation and gain an insight into the mechanism for plasma flow control. Figure 2 gives the map of the actuator mounted on the leading edge of the airfoil. The induced flow caused by the discharge enhances the energy momentum and energy exchange between the boundary layer and inflow greatly. High momentum fluid was brought into the boundary layer intermittently, enabling the flow to withstand the adverse pressure gradient without flow separation. 
Numerical Models of Airfoil Plasma Flow Control

Electric Force Model of Dielectric Barrier Discharge
The electric force is caused by the collision of neutral molecules with electrons and ions. The velocity of the neutral molecules is negligible. So this electric force can be expressed in terms of the applied voltage. By neglecting magnetic forces, the electric force can be expressed as Where, B f is the electric force per unit volume, c  is net the charge density and E is the electric field.
The electric field can be calculated by the gradient of the electric potential.
E  
(2) The potential  can be decoupled into two parts: one being a potential due to the external electric field  , and the other being a potential due to the net charge density in the plasma  .
The external electric field due to the applied voltage at the electrodes can be expressed as
The potential due to the charged particles can be expressed as
The charge density of the plasma layer can be expressed as
Where, r  is the relative permittivity for the dielectric layer and d  is the Debye length. The electric field and the charge density can be obtained by solving equation (3) and (5) . So, the electric force per unit volume can be expressed as
Source Term Model of Plasma Aerodynamic Actuation
The total consumption energy (E t ) can be divided to momentum and thermal energy, and the momentum can be divided to X component and Y component. So the equations below can be obtained.
Where, T P is the percentage of the thermal energy and M P is the percentage of momentum.
Mx P is the percentage of the X component momentum and My P is the percentage of the Y component momentum.
The computation area is dispersed by the method of finite volume. The electric force distribution function (F c ) can be obtained by solving equation (6) . The thermal energy and momentum for each cell coupled into the Navier-Stokes equations can be calculated by equation (7) and (8).
The source term of thermal energy (S t ) can be expressed as (10) and (12) into (14), the source term of X component momentum can be calculated as
The source term of Y component momentum written in equation (16) was obtained by the same method.
The units for S
x and S y are N/m 3 .
The CFD Model for Airfoil Plasma Flow Control
The thermal energy was couple into the energy conservation equation and the X and Y component momentum was couple into the momentum conservation equation. The Navier-Stokes equation can be written as
Where, c P is the specific votume of the fluid, T is the temperature of the fluid, k is the heat diffuse coefficient of the fluid. We can obtain the interaction of the plasma aerodynamic actuation and the boundary layer by solving equation (17).
Simulation Results and Analyses
The Parameters for CFD Model
The NACA 0015 airfoil with a chord length of 12 cm is investigated. The upper and below and left boundary of the computation domain is 1.44 m which is 12 times of cord length). The right boundary is 2.16m which is 18 times of cord length. A four order Runge-Kutta method and k-ε turbulence model was used in the paper.
The computation domain was divided by structure grid. The number of the grid is 180 thousand. The geometry of the grid is showed in figure 3 . The width of the first grid is 3×10 -6 cord length. The outside boundary of the computation domain is set to pressure far field. The airfoil is set as wall. 
Simulation Results of the Source Terms
For typical dielectric barrier discharges, T P is about 40%, and M P is about 60%, and Mx P is about 80%, My P is about 20%. The simulation results for X component momentum and Y component momentum and thermal energy are listed in figure 4(a) and 4(b) and 4(c) respectively. The total energy consumption is 20W/m, and the actuator is positioned at 2% cord length of the airfoil. We can see from figure 4 that the source terms are larger when close to the actuator. It is accord with the reality obviously. The X component momentum is positive and the Y component momentum is negative. The maximal value for X component momentum is about 13400N/m 3 . The minimal value for Y component momentum is -15200N/m 3 . It indicates that the direction of the induced velocity is rightward and downward. It is accord with experimental tests.
Effects of the Angle of Attack
When the angle of attack and inflow velocity is 18° and 72m/s (Re=5.8×10 5 ), simulation results of the streamlines for the airfoil before and after actuation are shown in Figure 5 . The total energy consumption is 20W/m, and the actuator is positioned at 2% cord length of the airfoil. It is obviously that the flow separates at the leading edge of the airfoil before actuation. The flow separation is suppressed completely after actuation which can result in lift augmentation and drag reduction. When the angle of attack and inflow velocity is 24° and 72m/s (Re=5.8×10 5 ), simulation results of the streamlines for the airfoil before and after actuation are shown in Figure 6 . The total energy consumption is 20W/m, and the actuator is positioned at 2% cord length of the airfoil. We can see from Figure6 that the flow separates at the leading edge of NACA 0015 airfoil caused by adverse pressure gradient. The flow separation cannot be suppressed by the plasma aerodynamic actuation. Because the flow separation on the airfoil surface is so aggressive at an angle of attack of 24° that plasma aerodynamic actuation cannot overcome the adverse pressure gradient. Numerical results for different angle of attacks (α) at the inflow velocity of 100 m/s (Re=8.1×10 5 ) are shown in Figure 7 . The total energy consumption is 20W/m, and two pairs of actuators are positioned at 2% and 20% cord length of the airfoil. Simulation results show that plasma aerodynamic actuation can suppress the flow separation on the leading edge of the airfoil effectively. In Figure 7 , the lift and drag coefficient are nearly unchanged with actuation when the angle of attack is less than 15° or more than 24°. When the angle of attack is less than the critical value, there is nearly no flow separation on the airfoil surface. The effect of plasma aerodynamic actuation is not obvious. When the angle of attack is more than 24°, the flow separation on the airfoil surface is so aggressive that plasma aerodynamic actuation cannot suppress the flow separation on the suction side of the airfoil. So the lift and drag coefficients nearly the same. There is an obvious lift augmentation and drag reduction after actuation when the angle of attack is between 15° and 24°. The lift coefficient is increased from 0.880 to 1.324 and the drag coefficient is decreased from 0.262 to 0.152 after actuation at the angle of attack 20°. The critical stall angle of attack for NACA 0015 airfoil increased from 15° to 24°. When the angle of attack is 20°, there is a lift force augmentation of 50.3% and a drag force reduction of 42.0% after actuation.
Effects of the Actuation Strength
The influence of the actuation strength on the flow control effect was investigated. Simulation results at different total energy are shown in Figure 8 In Figure 8 , the pressure coefficient distributions show that flow separation occurs at the airfoil leading edge without discharge. Simulation results show that the total energy, which is related to the actuation strength, is an important parameter in flow control. When total energy is 10 and 20W/m, the plasma aerodynamic actuation cannot suppress the flow separation. When total energy is 30 and 50W/m, the flow separation is effectively eliminated. The lift force increases by 17.3% and drag force decreases by 8.7% when total energy is 10W/m. When total energy is 30 W/m, there is an 81.1% lift force augmentation and 60.8% drag force reduction. The pressure coefficient distributions at 30W/m are nearly the same as that of 50W/m. That is to say, once the flow separation is eliminated, the flow control effects are nearly the same when the discharge voltage is increased.
Effects of the Actuation Position
Actuation position is an important parameter in plasma flow control. Figure9 depicts the simulation results at different actuation position when V ∞ is 100 m/s and α is 20°.
In Figure9, when the actuator is positioned at 5% chord length, the leading edge flow separation can be suppressed. When the actuator is positioned at 20% or 35% or 65% chord length, the leading edge flow separation cannot be suppressed. Thus the actuation location is vital to the control effect. The actuation must be located near the separation point. It is the same with other flow control technologies. 
Conclusion
The plasma aerodynamic actuation can be simplified as momentum and thermal source terms. The simulation results showed that when the inflow velocity was 100m/s and angle of attack was 20 degree, the flow separates at the leading edge of the suction side of the airfoil. There is a 50.3% lift augmentation and 42.0% drag reduction after the plasma aerodynamic actuation was on. The best position of plasma aerodynamic actuation is just near the flow separation point. The simulation results were basically consistent with the test results, which demonstrated that the simulation model was correct.
